Introduction
Molecular mechanisms involved in protein import into mitochondria is well conserved from lower eukaryotes to higher animals, but some differences exist. In animals as well as in lower eukaryotes, most mitochondrial proteins are initially synthesized on free ribosomes as larger precursors with NH -termi- 2 nal presequences which function as mitochondrial targeting and import signals, and are released into cytosolic pools. The precursors are then imported rapidly into the mitochondria and proteolytically prow x cessed to the mature form 1 . Some proteins have no cleavable presequence but do have signals within the mature polypeptides. The whole process of synthesis of mitochondrial proteins, their translocation, processing and folding involves factors present in the cytosol, mitochondrial membranes and matrix comw x partments 2 . In the cytosol, hsc70 is involved in Ž transport and its partner molecular chaperone a DnaJ . homolog has been identified. Presequence-specific cytosolic factors have been found in mammals. An import-competent precursor complex was identified and its composition is being analyzed. These presequence-specific factors and cytosolic chaperone family members may participate in sorting between fold-Ž . Ž ing cytosolic proteins and anti-folding mitochon-. drial proteins of the newly-synthesized proteins. In lower eukaryotes, components of the protein import Ž machinery on the mitochondrial outer membrane the . w x Ž Tom complex 3-6 and inner membrane the Tim . w x complex 5-9 have been identified and characterized. Recently, a few mammalian homologs of the Tom and Tim components and a novel Tom component have been found and their roles are being studied. Imported precursors are proteolytically processed, folded and assembled to final conformations by the action of processing peptidase and the mitochondrial molecular chaperone system. In animals, most studies were performed in vitro, but new approaches using cultured cells and green fluorescent Ž . protein GFP have been elaborated. Some cases of regulated mitochondrial protein import have been found and defects in the import in humans result in mitochondrial diseases.
In this minireview, we summarize recent progress in studies on molecular mechanisms of protein targeting to and importing into the mitochondria in higher animals. Factors involved in mitochondrial protein Targeting factor  Outer membrane  Tom20  Tom20  Tom22  Tom70   a   Tom37  Metaxin  Tom40  Tom7  Tom6  Tom5  Inner membrane  Tim54  Tim44  Tim44  Tim23  Tim23  Tim22  Tim17  Tim17  Matrix  MPP  MPP  MIP  Ssc1p  mhsp70  Mdj1p   b   Mge1prmGrpE  mGrpE  hsp60rcpn60  hsp60rcpn60  hsp10rcpn10  hsp10rcpn10 a It is not known whether metaxin is the mammalian Tom37. import in mammals as well as in yeast are summarized in Table 1 , and a model of the protein import in mammals as well as in yeast is shown in Fig. 1 .
Cytosolic factors
Mitochondrial precursor proteins cannot be imported into the mitochondria in a tightly folded state, rather they must be maintained in a loosely-folded, transport-competent state in the cytosol prior to import. Presequences might prevent or retard folding of the mature portion of mitochondrial precursor proteins. However, some precursor proteins was isolated in an enzymatically-active form or could be folded w x into an enzymatically-active form 10,11 . These results indicate that the presequence portion does not always interfere with much of the folding of the mature portion.
Ž .
It was thus assumed that there is a component s in the cytosol, the function of which is to maintain newly-synthesized precursor proteins in a conformation enabling transport across mitochondrial mem-Ž . branes. We found that a protein component s in the rabbit reticulocyte lysate markedly stimulates the uptake of in vitro-synthesized pre-ornithine transcarw x bamylase pOTC by isolated mitochondria 12 . Recently, several cytosolic factors that facilitate mitochondrial protein import have been found in mam-Ž . mals as well as in lower eukaryotes Table 1 , including molecular chaperones and presequence-specific w x factors 13 .
( ) 2.1. Heat shock cognate 70 protein hsc70
The roles of 70-kDa cytosolic heat shock protein Ž . hsp70 in intracellular protein traffic were first studied using Saccharomyces cereÕisiae hsp70. The yeast ( )cytosol contains two classes of hsp70, the SSA sub-Ž . Ž . family Ssa1-4 and the SSB subfamily Ssb1-2 w x 14,15 . Ssa proteins facilitate translocation of precursor proteins into both mitochondria and microsomes, whereas Ssb proteins seem to play a role in translation.
In mammals, two hsp70 family members, hsp70 and hsc70, are present and their amino acid sew x quences are about 87% identical. Sheffield et al. 16 Ž studied effects of reticulocyte hsp70 presumably . hsc70 on folding, aggregation and import competence of a recombinant hybrid precursor protein in which the presequence of rat pOTC was fused to murine cytosolic dihydrofolate reductase. They showed that hsp70 prevented aggregation of the hybrid precursor, in an ATP-dependent manner, and retarded the apparent rate and extent of its folding. A small amount of hsc70 was shown to be tightly associated with the mitochondrial outer membrane w x from rat liver, but its significance is unknown 17 .
Cytosolic and mitochondrial isozymes provide a unique system to study the mechanism of protein w x sorting. Lain et al. 18 analyzed structural features of cytosolic and mitochondrial forms of aspartate aminotransferase. They showed that the mitochondrial precursor form and its mature form bind hsp70 Ž . probably hsc70 very early during translation, whereas the cytosolic form does not interact with hsp70. Thus, both the presequence and NH -terminal To analyze the roles of hsc70 in more detail, we developed a system of hsc70 depletion from the w x reticulocyte lysate 19 . We found that hsc70 was the only member of hsp70 family detected in the lysate. Import of pOTC into the mitochondria was much decreased when the precursor was synthesized in the lysate depleted for hsc70. This reduction was almost completely restored by re-addition of purified hsc70 during pOTC synthesis. The re-addition of hsc70 after pOTC synthesis and only during the import assay was not effective. These results indicate that hsc70 is required during pOTC synthesis and not during import into mitochondria. We then studied hsc70 requirement for mitochondrial import which w x varies markedly among precursor proteins 20 . pOTC synthesized in the reticulocyte lysate forms an import-competent complex of about 11 S, in an hsc70-dependent manner, and direct association of the newly-synthesized pOTC with hsc70 became evident. Composition of this import-competent complex remains to be elucidated. We studied properties of human dj2 and its role in w x mitochondrial protein import 24,25 . Human dj2 as well as Ydj1p has a COOH-terminal 'CaaX box' motif common to proteins that are modified by prenylation. Human dj2 was farnesylated, but not its mutant C394S in which cysteine of the 'CaaX box' was mutated to serine. In the transient expression of pOTC in COS-7 cells, pOTC was synthesized and processed to the mature form with an apparent halflife of 2-3 min. Coexpression of human dj2 or C394S resulted in retardation of pOTC processing. These results indicate that dj2 is involved in an early Ž . step s of protein import into mitochondria. Our studies using a system of dj2 depletion from the reticulocyte lysate, provided unequivocal evidence that dj2, Ž . but not dj1 hsp40 , is involved in mitochondrial w x protein import and protein refolding 25 . The significance of farnesylation of dj2 and its possible interaction with hsc70 and precursor proteins remain to be studied. A model of possible involvement of dj2 in protein folding and mitochondrial protein import is shown in Fig. 2 ) in an ATP-dependent manner. MSF forms a stable complex with urea-denatured precursors keeping them w x in a conformation competent for import 28 . The import-stimulation activity of MSF is NEM-sensitive, whereas the ATP-dependent unfolding activity is w x NEM-insensitive 29,30 .
Mitochondrial precursor proteins induce ATPase activity of MSF, irrespective of the presence or abw x sence of the cleavable presequence 30 . Chemicallysynthesized presequences bind to MSF and induce its w x ATPase activity 28 .
MSF shares some properties with hsp70 family proteins, and can be regarded as a molecular chaperone. Both proteins recognize aggregated proteins and unfold them in an ATP-dependent manner. Furthermore, they form complex with unfolded proteins and stabilize the unfolded conformations. Komiya et al. w x 31 showed that the precursor proteins are targeted to mitochondria via two distinct pathways: one requiring MSF and the other requiring hsp70. The MSF-dependent pathway is NEM-sensitive and requires ATP hydrolysis for the release of MSF from the mitochon-Ž . dria presumably the import receptor , whereas the hsp70-dependent pathway is NEM-insensitive and does not require cytosolic ATP. w x Hachiya et al. 32 reconstituted the heterologous system using a purified mammalian precursor protein, MSF and either yeast intact mitochondria or intact or solubilized outer membranes. They showed that the precursor-MSF complex first binds to the Tom37-Tom70 subunits of the mitochondrial import receptor Ž . see below . After ATP-dependent release of MSF, the precursor is transferred from Tom37-Tom70 to the Tom20-Tom22 subunits of the receptor, and finally delivered to the import channel in the outer Ž . membrane see below . Import in the absence of MSF bypasses Tom37-Tom70. A model was shown w x w x schematically in Ref. 27 . Komiya et al. 33 extended this work and reconstituted the early steps of precursor targeting in a system consisting of the cytosolic domains of yeast Tom20 and Tom70, bovine pre-adrenodoxin, and rat hsp70 and MSF. The Tom70 domain only bound the precursor in the presence of MSF, yielding a precursor-MSF-Tom70 complex; ATP hydrolysis by MSF released MSF and generated a precursor-Tom70 complex. In the presence of the Tom20 domain, ATP caused transfer of the precursor from the precursor-MSF-Tom70 complex to Tom20.
The Tom20 domain alone bound the precursor in the presence of hsp70; hsp70 itself was not incorporated into the resulting complex.
MSF has been identified as a member of 14-3-3 family of proteins, members of which have been associated with many diverse intracellular functions, such as neurotransmitter biosynthesis, cell-cycle reguw x lations, signal transduction and exocytosis 27 . Since S. cereÕisiae also contains 14-3-3 proteins, genetic and in vitro analyses, using a homologous system, may help to establish the role of MSF in precursor targeting to the mitochondria.
Targeting factor and presequence binding factor ( ) PBF
The in vitro import into the mitochondria of a 34-residue synthetic peptide corresponding to the presequence of ornithine aminotransferase requires a w x cytosolic factor present in rabbit reticulocytes 34 . This factor, named targeting factor, was purified by affinity chromatography using the synthetic presew x quence peptide 35 . It has a molecular mass of 28 kDa and stimulates the import of mitochondrial precursor proteins and increased their binding to the mitochondrial surface. However, no further characterization has been documented.
Rat pOTC was expressed in Escherichia coli and mitochondrial protein import was reconstituted with w x purified recombinant pOTC 36 . A protein factor that binds to pOTC but not to mature OTC was named presequence binding factor or PBF, and was purified by affinity chromatography using pOTC-bound w x Sepharose 37 . PBF has a subunit molecular mass of about 50 kDa and markedly stimulated the import of purified pOTC into the mitochondria.
To further examine the roles of PBF in mitochondrial protein import, depletion of PBF from the reticulocyte lysate was accomplished by treatment with pOTC-Sepharose. pOTC and two other precursor proteins synthesized in the lysate depleted of PBF were poorly imported, and re-addition of the purified w x PBF fully restored the import 38 . On the other hand, 3-oxoacyl-CoA thiolase that is synthesized with no w x cleavable presequence 39 , was imported into the mitochondria in the absence of PBF. These observations provide support for the existence of PBF-depen-( )dent and -independent pathways of mitochondrial import. cDNA for PBF has yet to be isolated.
The Tom complex
Mitochondrial precursor proteins, recognized by a specific import receptor on the mitochondrial surface, are imported through an import channel in the outer membrane.
In yeast, the receptor and channel are composed of Ž several non-identical subunits referred as Tom trans-. locase of outer membrane of mitochondria subunits w x Ž . 3-6 Table 1 , Fig. 1 . The receptor consists of Tom70, Tom37, Tom22 and Tom20 and can be divided into the Tom70-Tom37 and Tom22-Tom20 subcomplexes. The Tom70-Tom37 subcomplex recognizes only limited numbers of precursor proteins, while the Tom20-Tom22 subcomplex directly interacts with majority of precursor proteins. The Tom20-Tom22 subcomplex is involved in import of the precursor proteins that initially interact with the w x Tom70-Tom37 subcomplex 2,4 . The receptorbound precursors are then delivered to the protein channel in the outer membrane. This channel is composed of at least five hydrophobic proteins, Tom40, Tom7, Tom6 and Tom5. Tom40 appears to be a core subunit and small Tom proteins seem to regulate w x conformation of the Tom channel 40-42 .
In mammals, only homologs of Tom20 and Tom37 among the nine Tom subunits in yeast have been identified. Surprisingly, a novel human import recep-Ž . tor Tom34 was isolated Table 1 , Fig. 1 .
Tom20
cDNA for a human homolog of yeast and Neuw x rospora Tom20 was isolated 43-45 . Human Tom20 has an overall sequence identity of 50% with S. cereÕisiae Tom20 and 61% with N. crassa Tom20. This protein was shown to be the human counterpart of Tom20, because it can assemble with the yeast w x receptor complex 43 , and can complement the respiw x ratory defect of tom20-deficient yeast cells 44 . Furthermore, in vitro import of precursor proteins into isolated mitochondria was inhibited by the soluble w x domain of human Tom20 45 and by anti-human w x Tom20 44,45 . The inhibition by soluble Tom20 differed from 69-37% among the four precursor w x proteins tested 46 . The inhibition by the antibody also differed from 80 to 40% among the precursor w x proteins 46 . The extent to which the four precursor proteins were inhibited by soluble Tom20 coincided with that of inhibition by the antibody. Therefore, the requirement for Tom20 differs for different precursor proteins.
Effect of overexpression of human Tom20 on pOTC import in cultured mammalian cells was anaw x lyzed 46 . Co-expression of Tom20, but not its soluble domain, with human pOTC in COS-7 cells resulted in retardation of mitochondrial import and processing of pOTC. On the other hand, overexpression of Tom20, but not its soluble domain, resulted in a stimulated mitochondrial import and processing of Ž . a fusion precursor protein pOTC-GFP in which the presequence of pOTC was fused to green fluorescent Ž . w x protein GFP 47 . This stimulation is surprising because overexpression of one component of the import receptor complex may result in import inhibition. A dramatic change of mitochondria was observed when human Tom20 was overexpressed in w x COS-7 cells 47 . The mitochondria formed gigantic aggregates adjacent to the nucleus. Overexpression of the soluble domain of Tom20 did not induce such mitochondrial aggregation. Further studies are needed on fine structures of the mitochondrial aggregates, molecular basis of the aggregation, and functional activities of the aggregated mitochondria.
Mammalian Tom20 and yeast and Neurospora Tom20 consist of the NH -terminal membrane-anchor 2 Ž . segment, the tetratricopeptide repeat TPR motif, a charged amino acids-rich linker segment between the membrane anchor and the TPR motif, and the COOH-terminal acidic amino acid cluster. Functional significance of these segments in Tom20 was assessed by expressing mutant rat Tom20 proteins in tom20-deficient yeast cells and by examining their potential to complement the defects of respirationw x driven growth and mitochondrial protein import 48 . A mutant consisting of the membrane anchor and the linker segments, was targeted to the mitochondria and complemented the growth and import defects as efficiently as did wild-type Tom20, whereas a mutant lacking the linker segment did not do so. Thus, the linker segment is essential for the function of rat Tom20, whereas the TPR motif and the COOHterminal acidic amino acids are not essential. 
Metaxin, mammalian Tom37?
Metaxin, a novel gene located between the glucocerebrosidase and thrombospondin 3 genes in the mouse, is a mitochondrial protein that extends into the cytosol while anchored into the outer membrane w x at its COOH-terminus 51 . In its NH -terminal re-2 gion, metaxin shows significant sequence identity to yeast Tom37. However, important structural differences, apparently as the result of different mechanisms of targeting to membranes, also exist between the two proteins. Antibodies against metaxin, when preincubated with mitochondria, partially inhibited the uptake of adrenodoxin precursor into mitochondria. Mice homozygous for disruption of the metaxin gene have an embryonic lethal phenotype, indicating that this protein is necessary for the early development of the mouse embryo. It remains to be elucidated whether metaxin is the mammalian counterpart of Tom37.
Tom34
In S. cereÕisiae, the two receptor subcomplexes are linked by the TPR motif, a loosely defined motif implicated in a wide range of protein-protein interacw x tions 52 . Yeast Tom70 contains seven copies of this motif and yeast and mammalian Tom20 contains only one copy. Human expressed sequence tag and cDNA database were screened using a degenerate TPR sequence present in several Tom proteins for a novel Ž . mitochondrial translocase s . A 34 kDa protein Tom34 that functions as a subunit of the protein import apparatus on the outer membrane was identiw x fied 53 . Tom34 was located on the surface of the mitochondria and was resistant to extraction under alkaline conditions. It has a large COOH-terminal domain exposed to the cytosol. Antibodies raised against this protein specifically inhibited in vitro import of pOTC into isolated rat liver mitochondria. In addition, the recombinant soluble domain com-Ž peted with human Tom34 for pOTC import Yano et . al., unpublished . This novel component of the protein import machinery has a 62 residue motif conserved with the Tom70 family of mitochondrial receptors, but otherwise appears to have no counterpart so far characterized in the mitochondria of any other species.
The Tim complex
Once the positively charged presequence portions have moved across the outer membrane, they are pulled across the inner membrane by electrostatic potential across that membrane.
In yeast, the precursor proteins are imported across the inner membrane through a transmembrane chan-Ž nel formed by the Tim translocase of inner mem-. brane of mitochondria complex. The Tim complex is Ž composed of at least five proteins Tim54, Tim44,
. w x Ž . Tim23, Tim22, and Tim17 5-9 Table 1 , Fig. 1 .
Ž . Most or all except Tim44 are firmly embedded within the inner membrane and appear to form protein-conducting channels. One is Tim23-Tim17 subcomplex and the other is Tim54-Tim22 subcomplex. Tim44 is exposed to the matrix side and is in contact with Tim23-Tim17 channel. Tim44 appears to func-Ž . tion in cooperation with mitochondrial hsp70 Ssc1p and GrpE as an ATP-driven 'import motor' that pulls the precursor chain across the Tim23-Tim17 channel into the matrix space. Tim23 shows dynamic dimermonomer formation and constitutes a part of a mem-
. brane potential DC -dependent protein-conducting w x channel 54 . Recently, the other subcomplex Tim54-Tim22 channel was identified and appears to be specific for the insertion of proteins into the inner w x membrane 8,9 .
Human and Drosophila melanogaster Tim17s w x Ž . were isolated from animals 55 Table 1 , Fig. 1 . A comparison of amino acid sequence from human, D. melanogaster and S. cereÕisiae revealed a similarity of 70 to 82%, including 46 to 62% identical amino acid residues. Tim17 has four hydrophobic segments that are predicted to function as membrane anchor sequences. The targeting and assembly of human and D. melanogaster Tim17s as well as yeast Tim17 were characterized with yeast isolated mitochondria. Targeting signals in the mature proteins directed the Tim17 precursors to Tom70 present on the mitochondrial surface. The precursor was inserted into the inner membrane in a membrane potential-dependent manner, adopted a characteristic topology and assembled with Tim23. The mechanisms of targeting and assembly were indistinguishable between the Tim17s from distinct organisms, thereby indicating a high conservation during evolution. Besides Tim17, mammalian counterparts of Tim23 and Tim44 have been identified in data banks.
Mitochondrial matrix factors
Mitochondrial precursor proteins are transported across the mitochondrial membranes in an extended Ž . state. In yeast, mitochondrial hsp70 mhsp70 functions as an ATP-driven motor in cooperation with Ž . Tim44 and probably also with Mge1p mGrpE , a Ž . mitochondrial homolog of bacterial GrpE Fig. 1 . After translocation, presequences have to be removed and the processed mature proteins have to be folded in the matrix. Studies on protein import into the matrix of yeast mitochondria have shown that different proteins fold with the aid of different molecular chaperones. Some proteins fold with the help of Ž . h s p 6 0 r c h a p e r o n i n 6 0 c p n 6 0 a n d Ž . hsp10rchaperonin10 cpn10 , mitochondrial homologs of the bacterial GroEL and GroES, whereas others can fold without the aid of cpn60 and cpn10 w x 5 .
In higher animals, processing peptidases, mhsp70, cpn60, cpn10 and mGrpE were identified and their Ž properties and functions have been studied , indicating that it is a metalloprotease. Primary structures of the two subunits of MPP were elucidated and were found to share significant sew x quence homologies 58-60 .
Studies using synthetic peptides corresponding to the presequence of pre-malate dehydrogenase showed that arginine residues present at y2 or y3 and distant from the cleavage point are important for w x recognition by the enzyme 61 . Furthermore, at least one of proline and glycine between the distal and w x proximal arginine residues is also important 62 . The protease shows considerable preference for aromatic, and to some extent, hydrophobic amino acids in the P X -position. Structural requirement for recognition by 1 MPP was also studied using pre-adrenodoxin, which has a long presequence of 58 amino acid residues w x 63 . More than 40 residues and the presence of basic Ž residues in the distal portion 20-40 residues up-. stream of the cleavage site are required for recognition of the precursor by the peptidase. It was also evident that basic amino acids required for mitochondrial targeting and those for recognition by the peptidase locate separately in the presequence of preadrenodoxin.
Some precursor proteins are processed to the mature form by MPP in a single step, whereas others including pOTC are processed in two successive w x steps via intermediates 56,64 . The first step was catalyzed by MPP, and the second by mitochondrial Ž . w x intermediate peptidase MIP 65 . When the octapeptide of pOTC was deleted, or when the entire presequence of once-cleaved precursor was joined to the ( )mature portion of the twice-cleaved precursor, no cleavage was produced by either protease. Cleavage of these constructs by MPP was restored by re-inserting as few as two NH -terminal residues of the 2 octapeptide or of the mature amino terminus of a once-cleaved precursor.
A subset of mitochondrial proteins, including rhodanese and 3-oxoacyl-CoA thiolase, are imported into the matrix space, yet are not processed. A synthetic rhodanese signal peptide and translated proteins were recognized by MPP, as both inhibited the processing. The presequence of pre-aldehyde dehydrogenase consists of a helix-linker-helix motif but when the linker w x portion is removed, processing no longer occurs 66 . Disruption of the helical signal sequence of rhodanese by addition of the linker did not allow for cleavage. However, with the addition of a putative w x cleavage site, the protein was processed 67 . The same cleavage site was added to 3-oxoacyl-CoA thiolase, but this protein was not processed. It seems apparent that both the processing site and the structure surrounding this site are important for MPP recognition. w x MIP was purified from rat liver mitochondria 68 w x and the cDNA was isolated 69 . MIP, a monomer of 75 kDa, is sensitive to sulfohydryl-group reagents and is stimulated by Mn 2q , Mg 2q or Ca 2q ions, and reversibly inhibited by EDTA. It has similarity to members of a subfamily of zinc metallopeptidases. NH -terminal octapeptides function as recognition 2 w x signals for this peptidase 70 . The biological significance of the two-step processing is unknown.
( ) 5.2. Mitochondrial hsp70 mhsp70
w x mhsp70 was purified from mammals 71,72 as well as yeast, and the cDNA for rat mhsp70 was w x isolated 73 . mhsp70 is about 45% identical with cytosolic hsp70 and hsc70. Association of mhsp70 with newly-imported mitochondrial protein was shown for medium-chain acyl-CoA dehydrogenase, a w x homotetrameric protein 74 . Upon import into the mitochondria, unfolded enzyme protein first formed a transient complex with mhsp70 and was then transferred to cpn60 to complete its folding into an assembly-competent conformation. However, ATP-driven protein drawing-in machinery that is found in yeast and is composed of Tim44 and mhsp70, has to date not been identified in animals.
Mitochondrial DnaJ and GrpE homologs
In yeast, folding of some proteins appear to be aided by a matrix-localized complex containing Ž mhsp70rSsc1p, Mdj1p a mitochondrial DnaJ ho-. Ž molog and Mge1prmGrpErYge1p a mitochondrial
. w x GrpE homolog 5 . In mammals, cDNA encoding rat w x mGrpE was isolated 75 . The human sequence is in the data bank. The deduced amino acid sequences of mammalian mGrpE exhibit 26% identity with yeast mGrpE and 21% identity with E. coli GrpE. Rat mGrpE mRNA is present in most, if not all organs. By contrast to other mitochondrial chaperones, mGrpE are not induced by heat shock. Roles of mGrpE in mitochondrial protein import in animals Ž . are unknown. Mitochondrial DnaJ homolog s from higher animals has not been documented.
. cpn60 hsp60 and cpn10 hsp10
Mitochondrial cpn60 and cpn10 are structurally and functionally related to the bacterial chaperonins GroEL and GroES. The cDNAs for human, Chinese w x hamster and rat cpn60 have been isolated 76,77 . Like GroEL, cpn60 from N. crassa and S. cereÕisiae exists as a tetradecamer of 60 kDa subunits and is arranged into two attached heptameric rings with a w x central cavity 13 . However, electron microscopic and chromatographic analyses indicate that mammalian cpn60 comprises a single toroidal ring of w x seven subunits 78 .
Rat cpn10 exhibits 45% amino acid identity with GroES, and has no cleavable presequence for mitow x chondrial import 79 .
As expected from their close similarity to bacterial GroEL and GroES, mitochondrial chaperonins are involved in protein folding. Studies using yeast mito-Ž . chondrial import function mif mutants showed that a cpn60 mutant is impaired in the assembly of prew x proteins but not in translocation 13 . The requirement for cpn60 in protein folding has also been illustrated biochemically. The role of cpn10 in protein folding was also verified in yeast. A point mutation in the cpn10 gene reduced the binding of cpn10
The association of mammalian cpn60 and cpn10 and their potential to refold chemically denatured proteins in vitro indicate that the mechanisms of chaperonin action in protein folding are conserved w x between species 78,80,81 . However, because of the single toroidal structure of mammalian cpn60, mechanisms may differ from those of chaperonins from bacteria and lower eukaryotes.
Regulation of mitochondrial protein import
When isolated or cultured animal cells are treated with uncouplers or rhodamine dyes that dissipate the mitochondrial membrane potential, protein import is impaired and precursor proteins accumulate in the w x cytosol 82-85 . Under physiological conditions, however, transport of precursor proteins from the cytosol into the mitochondria is rapid and efficient in w x intact cells 83-88 . There is evidence that mitochondrial import can be the rate-limiting step of mitochondrial protein synthesis. High concentrations of hemin inhibit the import of the precursor of d-amino-levulinate synthase, the first enzyme of heme synthetic pathway, into mitow x chondria 89 . A conserved motif, termed the heme Ž . regulatory motif HRM , was identified in presequences of the erythroid d-aminolevulinate synthase precursors and was shown to be involved in hemin inhibition of transport of these proteins into mouse w x mitochondria in vitro 90 . w x In a recent study, Takahashi and Hood 91 found that different rates of mitochondrial precursor import may underlie the two distinct mitochondrial phenotypes characterized in skeletal muscle cells, the subsarcolemmal and intermyofibrillar mitochondria populations. Import of precursor proteins was 3-4-fold higher in the latter population compared with the former populations.
Superoxide dismutase catalyzes the conversion of superoxide to hydrogen peroxide and molecular oxygen, and is thought to function as a defense against w x this potentially harmful radical. Wright et al. 92 found that paraquat inhibits the processing of human manganese-dependent superoxide dismutase precursor by SF9 insect cell mitochondria. Paraquat exerts biological effects through production of superoxide radicals and depletion of cellular reducing power. It is interesting that mitochondrial import of a redox-related enzyme is regulated by the cellular redox state. These findings also suggest that redox-modulation may underlie different rates of precursor processing w x 91 and are mentioned above.
New approaches using green fluorescent protein ( ) GFP
In animals, most studies have been performed in an in vitro system in which precursor proteins synthesized in reticulocyte lysates were imported into isolated mitochondria. Therefore, there is a need for procedures that will enable protein import to be investigated in intact cells. To date, only a limited number of pulse-labeling and pulse-chase studies in w x cultured cells have been reported 84,86-88 . GFP from the jellyfish Aequoria Õictoria yields a strongly fluorescent signal in heterologous cell types and has been used to visualize subcellular organelles and protein translocation in living cells. Rizzuto et al. w x 93,94 constructed a chimeric protein in which the mitochondrial targeting presequence of cytochrome oxidase subunit 8 is fused to GFP and they showed that this chimera is targeted to mitochondria and gives the organelle-associated fluorescence.
Ž . We constructed a chimeric protein pOTC-GFP in which the presequence of the human pOTC was fused to GFP and we showed that it was targeted to and imported into the mitochondria with proteolytic processing and became strongly fluorescent in the w x organelle 47 . Mutant pOTC-GFP fusion proteins with inactive mitochondrial import signals did not give the mitochondrial fluorescence. Co-expression of human Tom20 with pOTC-GFP resulted in perinuclear aggregation of fluorescent mitochondria and in stimulation of mitochondrial import of pOTC-GFP Ž . see above . When pOTC-GFP cDNA was microinjected into nuclei of human fibroblasts, mitochondrial fluorescence was evident as early as 2-3 h later. Thus, GFP fusion protein can be used to visualize mitochondrial structures and to monitor mitochondrial protein import in a single cell in real time. 
Defects in mitochondrial protein import
Except for 13 subunits of the respiratory chain encoded by mitochondrial DNA, all other mitochondrial proteins are encoded by nuclear genes, synthesized on cytosolic ribosomes and imported into the mitochondria through a series of steps, as described above. Defects in any of the multiple steps of this complex import system would be expected to cause 'mitochondrial diseases'. They may be classified into two types: one type includes mutations that impair mitochondrial folding and assembly of specific proteins. In fact, point mutations have been noted in presequence portions of the genes encoding OTC w x w x 95 , methylmalonyl-CoA mutase 96 and pyruvate w x dehydrogenase E1a 97 . Interestingly, two missense mutations in the mature portion of ornithine aminotransferase were shown to interfere with mitochondrial import and processing in patients with the enw x zyme deficiency and gyrate atrophy 98,99 . On the other hand, one type of primary hyperoxauria in patients was shown to be due to mistargeting of peroxisomal alanine:glyoxylate aminotransferase to mitochondria that depends on activation of a cryptic mitochondrial targeting sequence by a point mutation w x 100 .
Other types may include mutations that affect one of the factors involved in one of the multiple steps of mitochondrial protein import. In this type, mitochondrial import of multiple mitochondrial proteins will be impaired. Complete deficiency of these transport factors may result in an embryonic lethal phenotype, but partial deficiency may result in mitochondrial diseases. A fetal, systemic mitochondrial disease with decreased mitochondrial enzyme activities, abnormal ultrastructure of the mitochondria and deficiency of w x mitochondrial cpn60 was documented 101 . The primary defect remains to be elucidated.
Concluding remarks
Fundamental structure and function of mitochondria are the same among all eukaryotic cells and it is not surprising that the system of mitochondrial protein import is highly conserved from lower to higher eukaryotes. In animals, however, the number and structure of mitochondria differ among tissues and cell types, and they are responsible for various functions in various cell types in addition to ATP synthesis. Therefore, there may be unique features in mitochondrial biogenesis in animals. In fact, presequence-specific factors were identified in the cytosol of mammalian cells and were well characterized, but such a factor has not been found in yeast. Tom34, a novel import receptor found in mammals, appears to have no counterpart in yeast. It remains to be elucidated whether mammalian metaxin and yeast Tom37 exert the same role in precursor targeting and import. Furthermore, evidence has been presented that the step of protein import is physiologically regulated and is rate-limiting in synthesis of some mitochondrial proteins in animals. Further studies are expected to reveal fine differences between lower and higher eukaryotes.
Genetic analysis is not readily applicable to animal cells and studies on import receptors and channels are behind those in lower eukaryotes. However, with the progress in cDNA projects, mammalian homologs of yeast and Neurospora Tom and Tim components are being identified. It is now important to assess functions of these homologs both in vitro and in vivo. In vitro functional assays of Tom components may include inhibition by antibodies, competition by soluble domains, binding of Tom components to preproteins and cytosolic factors, and others. As an in vitro assay is not available for Tim candidates in animals, it is necessary to develop such an import assay using isolated mitoplasts.
In vivo assay systems are also limited in animals. Complementation of yeast cells deficient for import factors is often useful, but this system is heterologous. Attempts to assess the roles of putative import factors by transiently co-expressing a preprotein and a factor of interest, its mutant or antisense RNA in cultured cells fielded important information. Construction of cells depleted of these factors by stably expressing antisense RNAs, by using antisense oligonucleotides or even by gene-targeting, is awaited. Mitochondria-targeted GFP will be useful in such efforts.
Finally, defects in mitochondrial protein import may form a subgroup of 'mitochondrial diseases' or 'mitochondrial encephalomyopathies'. Studies on molecular mechanisms of import processes will lead ( )to a better understanding of the molecular pathology of untoward events. 
